Cellular production of such cytokines as interferon (IFN)-g and tumor necrosis factor (TNF)-a is used to determine disease-specific immune responses and may be used to diagnose infectious diseases such as tuberculosis. In this paper, we describe the development of micropatterned electrodes functionalized with electroactive aptamers for multiplexed detection of immune-cell-produced cytokines. A sequence of electrode deprotection and aptamer incubation steps were used to assemble antieIFNeg DNA aptamers and anti-TNF-a RNA aptamers on individually addressable half-ring electrodes. Aptamer molecules were thiolated for assembly on gold and were functionalized with methylene blue redox reporter for electrochemical signal transduction. Specificity of individual sensors to the correct cytokine species was confirmed by exposure to recombinant cytokines. For cell detection experiments, electrode arrays were integrated into microfluidic devices and incubated with immune cells. Design of the surface was such that a small group of w400 cells attached in the circular adhesion sites surrounded by half-ring electrodes sensing IFN-g and TNF-a. The microdevice consisted of two parallel microfluidic channels, each channel containing four cell capture/sensing sites. Upon mitogenic activation, secreted IFN-g and TNF-a molecules were monitored by performing square wave voltammetry (SWV) at different time points at individually addressable electrodes. This biosensing platform was used to analyze the quantity and rate of cytokine release from primary T cells and a monocyte cell line. Upon further development of this platform may be enhanced to enable detection of larger number of cytokines and used to correlate the levels and dynamics of cytokine release in immune cells to diagnosis and treatment of infectious diseases.
Introduction
Cytokines are signaling proteins often secreted by immune cells in order to regulate immune response, wound healing, and tissue regeneration. In immunology, IFN-g production by T helper cells (CD4 þ ) upon stimulation with antigens is used to determine prior exposure to infectious diseases. In fact, IFN-g release by T cells is employed clinically to diagnose latent tuberculosis and is used in basic immunology to determine presence of disease-specific T cells [1, 2] . TNF-a is another important inflammatory cytokine produced by immune and non-immune cells [3e5] . In an effort to determine blood-based biomarkers of infectious diseases, increasing attention is focused on assessing how cytokine profiles correlate with disease diagnosis, progression or regression. There is therefore a strong impetus to develop new technologies for cytokine detection.
At the present time, antibody-based immunoassays such as ELISA/ELISpot represent the gold standard in cytokine detection [6e8] . While these immunoassays are sensitive and specific to cytokines, they are often cumbersome, expensive, and timeconsuming, involving multiple washing steps and requiring large sample volumes for analysis. Recently, miniaturization and microfluidics have been used to multiplex immunoassays, scale down volume requirements, and enable novel features such as single cell analysis [9e13] . However, these miniature assays rely on antibodies for cytokine detection, require secondary labeling to develop the signal, and are somewhat difficult to adapt for continuous monitoring of cytokine release.
Aptamers are emerging as viable alternatives to antibodies, offering the advantages of high thermal/chemical stability, regenerability, and ease of modification [14e16] . Composed of DNA or RNA molecules, aptamers have been selected for binding of targets ranging from small molecules to proteins [17e23] and have been used as biorecognition elements in electrochemical, optical, and mass-sensitive biosensors [24e27] . Previously, our lab has developed a DNA hairpin aptamer for IFN-g detection. The hairpin was thiolated, conjugated with methylene blue (MB) (a redox reporter), and immobilized on a gold electrode [28] . Binding of IFN-g caused a conformational change in the aptamer, resulting in a decrease of the redox current. Most recently, these electrochemical aptamer beacons were immobilized onto micropatterned gold electrodes and were used for continuous monitoring of IFN-g release from primary T cells captured on the same surface [29] . The present paper builds on these previous studies by describing a strategy for co-immobilizing aptamers against IFN-g and TNFa on micropatterned electrodes and then deploying these sensing surfaces for cell analysis (see Fig. 1 ). Surface modification, biosensor characterization, and continuous monitoring of cytokine release from living cells are described.
Materials and methods

Materials
10Â phosphate-buffered saline (PBS) without calcium and magnesium, Na 4 EDTA, KHCO 3 , NH 4 Cl, anhydrous toluene (99.9%), 11-Mercaptoundecanoic acid (MUA), 200-proof ethanol, poly(ethylene glycol) diacrylate (PEG-DA, MW 575), and 2-hydroxy-2-methyl-propiophenone (photoinitiator) were purchased from SigmaeAldrich (St. Louis, MO). Chromium etchant (CR-4S) and gold etchant (Au-5) were purchased from Cyantek Corporation (Fremont, CA). Positive photoresist (S1813) and developer solution (MIF-318) were purchased from Shipley (Marlborough, MA). 3-Acryloxypropyl trichlorosilane, was purchased from Gelest, Inc. (Morrisville, PA). Monoclonal purified mouse anti-human CD4 Abs (13B8.2) from Beckman-Coulter (Fullerton, CA). Antihuman CD3eFITC (UCHT1) and anti-CD4-PE (L120) were used for immunostaining of surface-bound cells and were purchased from BD Pharmingen. Human recombinant IFN-g, TNF-a, Interleukin-2, Interleukin-12, Interleukin-17 were from R&D Systems (Minneapolis, MN). T cell and monocyte activation reagents: phorbol 12-myristate 13-acetate (PMA) and ionomycin were purchased from SigmaeAldrich (St. Louis, MO). Cell culture medium RPMI 1640 with L-glutamine was purchased from VWR. Glass slides (25 mm Â 75 mm Â 1 mm) were obtained from VWR (West Chester, PA). Sodium bicarbonate (NaHCO 3 ), 6-mercapto-1-hexanol (MCH), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from SigmaeAldrich (St. Louis, MO). Methylene Blue (MB), carboxylic acid, succinimidyl ester (MB-NHS, Biosearch Technologies, INC, Novato, CA). All chemicals were used without further purification. The 34-mer IFN-g-binding aptamer sequence (IDT Technologies, San Diego, CA) was as follows: 5 0 -NH2-C6-GGGGTTGGTTGTGTTGGGTGTTGTGTCCAACCCCC3 SH-3 0 . The 28-mer TNF-a-binding aptamer sequence (also from IDT Technologies) was as follows: 5 0 /5AmMC6/rG*rG*rA*rG*rU*rA*rU*rC*rU*rG*rA*rU*rG*rA*rC*rA*rA*rU*rU*rC*rG*r-G*rA*rG*rC*rU*rC*rC/3ThioMC3-D/-3 0 . Phosphorothioates (or S-oligos, marked with *) were used to stabilize RNA against RNase degradation. Both TNF-a and IFN-g aptamers were modified at the 3-terminus with a C 6 -disulfide [HO(CH 2 ) 6 eSeSe(CH 2 ) 6 e] linker and at the 5-end with an amine group for redox probe (MB) conjugation. The aptamers were dissolved in 1 Â PBS buffer (pH 7.4).
Attachment of redox labels to aptamers
The methylene blue (MB) redox reporter was conjugated to IFN-g and TNFa aptamers using previously reported protocols [29, 30] . Briefly, NHS-labeled MB was conjugated to the 3 0 -end of an amino-modified DNA/RNA aptamer through succinimide ester coupling. First, the MB-NHS solution was dissolved in 10 mL of DMF and 50 mL of 0.5 M NaHCO 3 , and then added to 50 mL of 100 mM aptamer solution. Upon stirring, the compounds were allowed to react for 4 h at room temperature in the dark. To concentrate and purify the MB-modified aptamers, the resulting sample was filtered using a centrifugal filter (Millipore, Amicon Ultra 3 K 0.5 mL). Prior to use, stock aptamer solution of 50 mM was kept at e20 C.
Fabrication of Au electrode arrays
The electrode array layout was designed in AutoCAD and converted into plastic transparencies by CAD/Art Services (Portland, OR). The electrodes were fabricated using standard photolithography and metal etching processes described previously [29] . Glass slides (75 mm Â 25 mm) were sputter-coated with 15 nm Cr adhesion layer and 100 nm Au layer (Lance Goddard Associates, Santa Clara, CA). The Au/Cr layers were etched to create eight pairs of half-ring shaped (100 mm wide with 300 mm inner diameter) micropatterned electrodes that were individually connected to 2 mm Â 2 mm contact pad via 15 mm wide leads. Wires were soldered to contact pads to connect electrode arrays to a home-built multiplexing setup capable of automated data acquisition. It should be noted that the photoresist layer was not removed immediately after metal etching but was kept for protection of the underlying Au regions during the silane modification protocol.
Packaging Au electrodes in PEG hydrogel
The glass substrates with photoresist-covered Au electrodes were modified with an acrylated silane coupling agent [29] to ensure covalent anchoring of hydrogel structures onto glass substrates. After silane modification, substrates were sonicated in acetone for 2 min to remove photoresist and then placed in an oven for 3 h at 100 C to fully crosslink the silane layer. To create non-fouling PEG hydrogel micropatterns, a prepolymer solution containing PEG-diacrylate (PEG-DA) (MW 575) and 2% (v/v) photoinitiator was spin-coated at 800 rpm for 4 s onto the patterned substrate. A photomask was aligned to fiduciary marks using a mask aligner, followed by 1 s UV exposure at 60 mJ/cm 2 , using an OmniCure series 1000 light source or a Canon PLA-501F mask aligner. The regions exposed to UV light underwent radical polymerization and became cross-linked, while the unexposed regions were dissolved in DI water after 5 min of development. In this way, 400 mm diameter glass/Au regions were formed within the non-fouling hydrogel layer. This micropatterning strategy allowed for targeted attachment of cells next to electrodes.
Characterization of sensitivity and specificity of aptasensors
Electrochemical measurements were carried out with a CHI 842B potentiostat (CH Instruments, Austin, TX) operating inside a homemade Faraday cage. A threeelectrode electrochemical cell was constructed based on a microfluidic device, with a flow-through Ag/AgCl (3 M KCl) reference electrode in the outlet, a Pt wire counter electrode in the inlet and aptamer-modified electrodes serving as working electrodes. Measurements were performed using SWV with the following parameters: 40 mV amplitude, 60 Hz frequency, and a voltage range of À0.10 to À0.50 V. An automated switching system was used to sample individual electrodes at predefined time intervals.
For IFN-g aptamer immobilization, Au electrodes were kept in an aqueous solution for 2 h in the dark. Following incubation, the electrodes were rinsed with copious amounts of DI water and then immersed in an aqueous solution of 3 mM 6-mercapto-1-hexanol solution (MCH) for 1 h to displace non-specifically adsorbed aptamer molecules and to passivate the electrode surface. Aptamer-coated electrodes were allowed to equilibrate in PBS buffer (pH 7.4) for 30 min, as determined by stable faradaic current, and were then challenged with human recombinant IFN-g dissolved in PBS buffer. Before conducting voltammetric measurements, the sensor was allowed to react with the analyte for 15 min. After cytokine detection experiments, aptasensors could be regenerated by immersion in 7 M urea buffer for 1 min followed by copious rinsing with DI water.
Prior to modification of the electrodes, the TNF-a aptamer stock solution (50 mM) was reduced in 10 mM TCEP for 1 h to cleave disulfide bonds. Electrodes were then immersed in an aqueous TNF-a binding aptamer solution at a diluted concentration of 0.5 mM, followed by rinsing with of DI water. Finally, the electrodes were immersed in an aqueous solution of 3 mM 6-mercapto-1-hexanol solution (MCH) for 1 h same as described above for IFN-g aptasensor immobilization. The sensor was allowed to equilibrate as determined by stable faradaic current obtained via SWV, and was then challenged with human recombinant TNF-a dissolved in RPMI media solution.
Calibration of the TNF-a aptasensor was performed by challenging the sensor with known concentrations of TNF-a (ranging from 10 to 500 ng/mL) dissolved in RPMI 1640 media. During detection of recombinant TNF-a, the microchip was placed onto a custom-made heating stage to maintain temperature of 37 C. These steps were taken to mimic conditions used in cell detection experiments described below.
To demonstrate specificity, TNF-a aptasensor was challenged with 50 ng/mL of non-specific cytokines dissolved in PBS. The cytokines tested included IL-12, IL-2, IL-17 and IFN-g, along with the analyte of interest, TNF-a also at 50 ng/mL and 100 ng/mL.
Assembly of aptasensors for simultaneous detection of IFN-g and TNF-a
The micropatterned gold electrodes were passivated with a monolayer of 11-Mercaptoundecanoic acid (MUA) formed by immersing the electrodes in a 3 mM ethanolic solution of MUA for 1 h. All electrochemical reductive desorption experiments were performed in 1Â PBS using a standard three-electrode system. A negative potential (À1.2 V vs Ag/AgCl) was applied to the desired electrodes for 1 min in order to remove the MUA monolayer from these individually addressable electrodes. Following the reductive desorption of the MUA sacrificial layer, the Au electrodes were kept in an aqueous solution of IFN-g aptamer (0.5 mM) for 1 h in the dark, followed by passivation with MCH. This sequence of steps resulted in selective assembly of IFN-g aptamers on specific electrodes. Next, the gold electrodes still passivated with MUA were deprotected by applying a negative reductive potential, incubated with 0.5 mM aqueous solution of TNF-a aptamer for 1 h, and finally passivated by exposure to 3 mM MCH in water.
To test for cross-contamination, electrodes were challenged with either IFN-g or TNF-a at 50 ng/mL concentration. Responses of electrodes to "correct" and "incorrect" cytokine molecules were measured using SWV as described above.
Integration of aptasensors with microfluidics and capture of immune cells
Microfluidic channels were fabricated out of poly (dimethyl siloxane) (PDMS) using standard soft lithography approaches. These devices were secured on micropatterned substrates using vacuum suction as described previously [31, 32] . The microfluidic device contained two flow chambers with width-length-height dimensions of 3 Â 10 Â 0.1 mm as well as a web of auxiliary channels for applying negative pressure.
Following Au electrode modification with IFN-g and TNF-a aptamers, micropatterned surfaces were incubated with either anti-CD4 or anti-CD14 Ab (0.1 mg/mL in 1 Â PBS) to capturing T cells or monocytes respectively. IFN-g/TNF-a detection from primary T cells was performed using red blood cell (RBC)-depleted whole blood. Blood was collected from healthy adult donors through venipuncture under sterile conditions with informed consent and approval of the Institutional Review Board of the University of California at Davis (protocol number 200311635e6). RBCs were lysed using an ammonia chloride-based erythrocyte lysis solution (89.9 g NH4Cl, 10.0 g KHCO3, and 370.0 mg tetrasodium EDTA in 10 L of deionized water) as described previously [31] .
In other experiments, a human monocyte U937 cell line was used. Human monocytic cell line, CRL-1593.2/U-937 (American Type Culture Collection, ATCC), were cultured in suspension in 25 or 75 cm 2 tissue culture flasks and incubated in RPMI 1640 supplemented with 10% FBS and 100 U/mL penicillin/streptomycin and Lglutamine. Cells were seeded at 1 Â 10 6 /mL, passaged three times per week, and cultured under a 5% CO 2 /95% air humidified atmosphere at 37 C.
The cell suspension was introduced into fluidic chambers at flow rate of 20 mL/ min. Given the dimensions of the channel this flow rate translates into shear stress of w0.8 dyn/cm 2 . Upon filling the chamber with cells, the flow was stopped for 15 min to allow for cell capture. In order to wash away non-specific cells, the flow rate was raised to 100 mL/min for w15 min.
A human T cell line, MOLT-3 (American Type Culture Collection, ATCC) was used as a negative control in cytokine detection experiments. Cells were cultured in suspension in 25 or 75 cm 2 tissue culture flasks and incubated in RPMI 1640 supplemented with 10% FBS and 100 U/mL penicillin/streptomycin and L-glutamine. Cells were seeded at 1 Â 10 6 /mL, passaged three times per week, and cultured under a 5% CO 2 /95% air humidified atmosphere at 37 C.
Electrochemical detection of IFN-g and TNF-a release from captured cells
To analyze IFN-g/TNF-a release from cells, microfluidic devices were incubated with either RBC-depleted blood or a monocyte cell population. After capturing cells, microfluidic devices were infused with PMA (50 ng/mL) and ionomycin (2 nM) dissolved in phenol-red-free RPMI 1640 media without serum. A surgical clamp was secured around the outlet tubing to eliminate convective mixing. The microdevice was then placed on top of a heating stage (37 C) and aptasensor electrodes were connected to a potentiostat via a multiplexer (NI-ER16, National Instruments, TX) (a layout of the experimental setup is shown in Figure S1 ). Our microchips contained eight addressable electrode pairs, with four pairs per microfluidic channel. One channel was used to quantify IFN-g/TNF-a release from mitogenically stimulated cells whereas the other channel was used to monitor cytokine production in unactivated cells. In these experiments, SWV measurements were made every 15 min for up to 4 h. The microsystems were placed on top of the heating stage to maintain temperature at 37 C for the duration of experiment.
Determining cytokine production rates
IFN-g and TNF-a production rates per cell were calculated using COMSOL Multiphysics (COMSOL, Inc., Burlington, MA). A three-dimensional model was constructed based on the 3 Â 10 Â 0.1 mm microfluidic chamber. After applying a flux boundary condition on the cell capture area and insulating boundary conditions on all other surfaces, the average profile of measured IFN-g/TNF-a concentrations at each electrode were then fit against the predicted values from the numerical simulation. Using data from the first 60 min of production, a scaled least-squares regression was used to determine the best-fit production rate to 0.0001 pg/cell/h precision. Complete details are available in the Supporting Information.
Results and discussion
This paper describes aptasensing surfaces integrated with microfluidics to enable detection of IFN-g and TNF-a release from immune cells (see Fig. 1 ). The novelty of this work lies in creating bi-functional aptasensors for simultaneous, local detection of two cytokines produced by a small number of cells.
Fabrication of micropatterned surfaces
The micropatterned sensing surfaces were designed to enable detection of IFN-g and TNF-a molecules appearing in the immediate vicinity of cells. We chose to label aptamers with the same redox reporter molecule, MB, and then resolve the signal by placing each aptamer type on its own electrode (Fig. 1 A) . The surface modification process began by microfabrication of Au electrodes onto glass slides. A layout of individual electrodes within the arrays is shown in Fig. 1 B . These slides were then modified with acrylateterminated silane to promote attachment of PEG hydrogel microstructures to glass regions. As shown in Fig. 1 C, after patterning of the hydrogel each cell culture/sensing region contained a 400 mm diameter PEG well, inside the well were Au half-ring electrodes 100 mm wide and a 300 mm diameter cell attachment site.
Characterization of specificity and sensitivity of TNF-a sensor
We previously reported the development and characterization an electrochemical aptasensor for IFN-g detection. Our IFN-g aptasensor was based on a DNA aptamer hairpin labeled with MB redox probe and immobilized on a gold surface via thiol-gold chemistry. The limit of detection for optimized IFN-g aptasensor was 0.06 nM with linear response extending to 10 nM [33] . The goal of the present paper was to develop an aptasensor for TNF-a detection and to combine this novel sensor with the existing IFN-g sensor for dual cytokine detection. While the sequence of RNA aptamer against TNF-a was reported in the literature [34] , to the best of our knowledge, an aptasensor for detection of this cytokine has not been demonstrated to date. The susceptibility of wild-type RNA aptamers to degradation by endogenous ribonucleases may compromise sensor performance [18, 35] . One strategy to stabilize oligonucleotides is to replace nonbridging oxygens in the backbone with sulfur, producing phosphorothioates (or S-oligos) [36, 37] . This modification was employed in the present study to improve the stability of the RNA TNF-a aptamers.
The response of aptamer-modified electrodes to varying concentrations of TNF-a was characterized by SWV and is presented in Fig. 2A . The binding of the cytokine molecules causes aptamer conformation to change and may also insulate the electrode. This explains the decrease in cathodic peak current when capture of TNF-a. In these experiments, solutions of recombinant TNF-a with increasing concentrations were infused into the microfluidic device successively. Surfaces were regenerated by exposure to urea between infusions of different cytokine concentrations. Taking values for cathodic peak current at different cytokine concentrations, we constructed a calibration curve for TNF-a. These data, presented in Fig. 2 B , reveal that the sensor had limit of detection of 10 ng/mL (0.58 nM) with linear range extending to 100 ng/mL (5.8 nM). The results were presented as the difference in faradaic current before and after target binding divided by the initial faradaic current. Because binding of IFN-g and TNF-a caused a decrease in current, the sensitivity of the biosensor was reported in terms of signal loss or suppression. The signal suppression was defined as final cathodic peak current divided by initial peak current.
Specificity is an important characterisitic of a biosensor. In our experiments, specificity was tested by challenging aptasensors with multiple non-specific proteins including cytokines IL-2, IL-12, IL-17 and IFN-g, all at concentrations of 50 ng/mL, and 1% BSA. Fig. 3 demonstrates 20-fold higher sensor response to 50 ng/mL TNFa compared to non-specific proteins and therefore points to the high specificity of TNF-a biosensor.
Multiplex aptasensors for simultaneous detection of IFN-g and TNF-a
The ability to functionalize specific electrodes with desired sensing molecules is an important part of developing a multianalyte biosensor. In this paper, selective attachment of different aptamers onto adjacent miniature Au electrodes was controlled using a sequence of alkanethiol removal and aptamer incubation steps. As shown in Fig. 4 , all electrodes were modified with MUA, creating a passivation/sacrificial layer. Subsequently, reductive voltage was applied to the desired set of electrodes, removing the alkanethiol and making the underlying Au available for aptamer assembly. After incubating and washing away unbound aptamer, the other set of electrodes was activated and exposed to a different population of aptamer molecules. This functionalization method allowed us to place IFN-g and TNF-a aptamers on neighboring electrodes and to employ the same redox reporter (MB) to resolve signals from these aptamers.
Characterizing cross-contamination of dual cytokine aptasensor
In order to validate that the correct aptamer population assembled on the correct electrode and that cross-contamination did not occur, aptasensors were challenged with either IFN-g or TNF-a individually. Results from a typical experiment are shown in Fig. 5 AeD. As seen from this experiment, challenging dual aptasensors to 50 ng/mL IFN-g resulted in 30% signal suppression of IFN-g sensing electrode and no response from TNF-a electrode. When reversing the experiment and infusing 50 ng/mL TNF-a, only the TNF-a sensing electrode responded. Fig. 5 E summarizes responses from several electrode pairs (n ¼ 3) and highlights that the IFN-g aptasensor had a 28-fold higher response to correct cytokine and that TNF-a sensor had showed a 22-fold higher signal when challenged with the correct vs. incorrect cytokine. These results suggest that the desired aptamer type was assembled on the desired electrode with minimal cross-contamination. In fact, ratios of specific vs. non-specific cytokine responses reported for TNFa aptasensor are comparable in multiplex and singleplex formats. The same is true for limit of detection and linear range for IFN-g and TNF-adthese parameters were found to be similar in multiplex and singleplex aptasensors.
Modifying micropatterned sensing surfaces to capture cells
After characterization of the dual cytokine aptasensor, we proceeded to design surfaces where cells could be captured in welldefined areas adjacent to the sensing electrodes. There have been a number of reports utilizing antibody-coated microfabricated surfaces for cell capture [31,38e40] . In the present study anti-CD4 and anti-CD14 were used to bind primary human T cells and U937 monocytes respectively. Packaging surfaces in a non-fouling PEG hydrogel was used to define the areas of attachment so as to control the number of cells to be captured and analyzed. While the biosensor functions without this packaging layer, confining cell attachment to specific regions and spacing these regions far enough apart allows for the creation of multiple independent sensing sites within the same channel and provides redundancy to the measurements. Fig. 6A shows an example of selective attachment of fluorescently labeled anti-CD4 Ab on glass attachment sites defined by the PEG gel. RBC-depleted whole blood was introduced to a microfluidic device and T cells were captured on anti-CD4 absorbed regions as shown in Fig. 6 B. Staining of captured cells with PElabeled anti-CD4 antibodies and FITC-labeled anti-CD3 demonstrated the prevalence of CD3 þ and CD4 þ T cells (see Fig. 6 C) . BSA as well as 50 ng/mL and 100 ng/mL of TNF-a. These results show that biosensor did not respond to non-specific proteins but did respond to TNF-a. These data are in line with our previous results pointing to high purity of T cell isolation (>95%) on antibody-modified surfaces enclosed inside our microfluidic device [31] . U937 monocytes were captured next to sensing electrodes in a similar manner (data not shown).
Simultaneous detection of IFN-g and TNF-a release from immune cells
As the final step in validating the sensing device, release of IFN-g and TNF-a from primary human T cells and a monocyte cell line was demonstrated. Activated primary T cells are known for robust production of both IFN-g and TNF-a, whereas monocytes are known as a source of TNF-a but not IFN-g. By choosing these two different immune cell types, we wanted to demonstrate that our biosensor will reflect differences in function of these cells. T cells or monocytes were captured on antibody-modified region in the proximity of aptamer-modified electrodes. The dimensions of individual attachment sites (300 mm diameter) allowed for the capture of w400 cells. While in the device, the cells were exposed to PMA/Ionomycin (a mitogen) to induce IFN-g/TNF-a production and cytokine release was monitored concurrently with mitogenic activation. Fig. 7 summarizes cytokine release data from primary T cell and U937 monocytes. After 4 h stimulation, T cell production was 24.7 AE 2.3 ng/mL for IFN-g and 53.4 AE 4.2 ng/mL for TNF-a, whereas monocyte production was 9.9 AE 0.7 ng/mL and 77.1 AE 5.2 ng/mL for IFN-g and TNF-a respectively.
Several trends may be noted from these data. The fact that primary T cells produce significantly more TNF-a has been observed by us in previous experiments employing antibody-based detection [40] . In fact the ratio of TNF-a to IFN-g signal from T cell observed in our previous studies with antibodies is similar to the present work with aptamers (2.20:1 with antibodies and 2.16:1 with aptamers). Also, as expected, monocytes do not produce appreciable quantities of IFN-g.
It is important to note that multiple control experiments were carried out to ensure validity of the detected signal. 1) In the absence of mitogenic stimulation, T cells and monocytes produced several fold lower levels of IFN-g (4.1 AE 0.6 ng/mL and 3.1 AE 0.5 ng/ mL) and TNF-a (6.5 AE 3.3 ng/mL and 7.4 AE 3.6 ng/mL). 2) Molt3 cells expressing CD4 antigen but known to lack the ability to produce cytokines upon mitogenic activation were tested in our microsystem and did not produce appreciable levels of either IFN-g or TNF-a ( Figure S2 ).
One may note from Fig. 7 that the signal begins to saturate after 3e4 h. According to our calibration studies, signal suppression associated with saturation of the surface is 60% for TNF-a and 80% for IFN-g. Therefore, leveling off of the signal seen in our data should be attributed to decrease in cell activity, more specifically to the attenuation in cellular production of cytokines.
Cytokine production rates could be computed based on the release data presented in Fig. 7 . Taking into consideration the positions of the captured cells and the electrodes, we modeled the diffusion of secreted cytokines inside the microfluidic device using a numerical approach (COMSOL Multiphysics, Figure S3 ). In our previous study, we determined that for a given electrode geometry and number of cells, the diffusion field of adjacent cell culture/ sensing sites do not overlap appreciably (<2%) on the timescale of 1 h [29] . In the present study, cytokine release data for the first hour was used in calculating production rates.
The production rate of TNF-a and IFN-g for U937 monocytes were determined to be 0.0160 AE 0.0003 pg/cell/hr and 0.0030 AE 0.0001 pg/cell/hr respectively. For primary T cells, the production rates were 0.0100 AE 0.001 pg/cell/hr for TNF-a and 0.0074 AE 0.0002 pg/cell/hr for IFN-g. Production rate of IFN-g detected in a dual cytokine sensor is similar to that reported by us previous for single aptasensor configuration [29] . TNF-a production rates detected in our system are well aligned with production rates of 0.0025e0.009 pg/cell/hr and 0.005e0.012 pg/cell/hr reported in the literature for T cells and monocyte respectively [14e16,41].
Conclusions
This paper describes the development of a microsystem for simultaneously quantifying two cell-secreted inflammatory cytokines, IFN-g and TNF-a. The microsystem consisted of several Au electrode pairs microfabricated on glass and packaged with a nonfouling PEG hydrogel. A sequence of alkanethiol desorption and aptamer immobilization steps was used to assemble MBfunctionalized aptamers specific to either TNF-a or IFN-g onto individual members of electrode pairs. The resultant dual cytokine biosensor had detection limits of 0.06 nM IFN-g and 0.58 nM TNF-a. Importantly, the sensitivity was similar in dual cytokine and single cytokine biosensor, suggesting that the multi-step assembly process did not compromise sensor performance. The utility of this dual cytokine aptasensors was demonstrated by detecting IFN-g and TNF-a concurrently from activated T cells and U937 monocytes. Production of these two important cytokines was monitored continuously for 4 h and rates of cytokine release were determined. While demonstrating detection of IFN-g and TNF-a in the present format, this microsystem may be enhanced in the future to detect a larger array of cytokines or biomarkers and will have applications in blood analysis and infectious disease diagnostics.
